Abstract: FH535 is a small-molecule inhibitor of the Wnt/β-catenin signaling pathway, which a substantial body of evidence has proven is activated in various cancers, including pancreatic cancer. Activation of the Wnt/β-catenin pathway plays an important role in tumor progression and metastasis. We investigated the inhibitory effect of FH535 on the metastasis and growth of pancreatic cancer cells. Western blotting and luciferase reporter gene assay indicated that FH535 markedly inhibited Wnt/β-catenin pathway viability in pancreatic cancer cells. In vitro wound healing, invasion, and adhesion assays revealed that FH535 significantly inhibited pancreatic cancer cell metastasis. We also observed the inhibitory effect of FH535 on pancreatic cancer cell growth via the tetrazolium and plate clone formation assays. Microarray analyses suggested that changes in the expression of multiple genes could be involved in the anti-cancer effect of FH535 on pancreatic cancer cells. Our results indicate for the first time that FH535 inhibits pancreatic cancer cell metastasis and growth, providing new insight into therapy of pancreatic cancer.
Introduction
Pancreatic cancer is one of the most aggressive human malignancies worldwide. Despite improvements in surgical and chemotherapeutic approaches over the past decades, the prognosis of pancreatic cancer remains dismal; the average overall 5-year survival rate is 5%. 1 The reasons for this are the challenges associated with diagnosis, which tends to be late and uncertain; more importantly, therapeutic options are limited. Even with early diagnosis and surgical resection with curative intention, nearly all patients develop local recurrence or distant metastases following surgery and eventually succumb to the debilitating effects of metastatic growth. 2, 3 Conventional chemotherapy is rarely curative for metastatic pancreatic cancer. In recent years, there have been important advances in the organization of care for patients with pancreatic cancer; these advances have also resulted in more focused studies on surgical, oncological, and immunological treatment.
The Wnt/β-catenin pathway is a genetically conserved signaling pathway associated with a variety of human conditions such as birth defects and tumors. Abnormal Wnt/ β-catenin pathway activation is closely related to the development of many cancers.
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Wu et al and pathway activation leads to nuclear accumulation of β-catenin and interaction with T-cell factor (TCF) transcription factors, subsequently stimulating the downstream target genes, which include the genes participating in cell metastasis and proliferation. 7, 8 Abnormal Wnt/β-catenin pathway activation plays an important role in human pancreatic cancer, where it causes extracellular matrix degradation and uncontrolled cell proliferation and differentiation. 9 Recent studies have demonstrated that FH535 is a synthetic inhibitor of the canonical Wnt signaling pathway; it inhibits the growth of colon, lung, breast, and hepatocellular carcinoma lines, 10, 11 suggesting that small-molecule targeting of the Wnt/β-catenin pathway could be a promising therapeutic approach for cancers in which this pathway is activated.
In this study, we investigated the anti-cancer effect of FH535 on pancreatic cancer and explored the mechanisms underlying the effect, providing a rationale for further development of FH535 as a promising therapeutic agent for treating pancreatic cancer.
Materials and methods cell cultures and reagents
The human pancreatic cancer cell lines PANC-1 and BxPC-3 were purchased from American Type Culture Collection (ATCC) (Manassas, VA, USA). The cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS), 100 U/mL penicillin, and 100 μg/mL streptomycin (Thermo Fisher Scientific) at 37°C in a 5% CO 2 incubator under a humidified atmosphere; the cells were passaged every 2-3 days for exponential growth. FH535 was purchased from EMD Millipore (Billerica, MA, USA).
Western blotting
Total protein was extracted using a lysis buffer (50 mM TrisHCl [pH 7.4], 150 mM NaCl, 1% Triton X-100, 0.1% sodium dodecyl sulfate [SDS], 1 mM EDTA) supplemented with a protease inhibitor cocktail kit and a phosphatase inhibitor cocktail kit (Hoffman-La Roche Ltd., Basel, Switzerland). The protein extracts were loaded, size-fractionated by SDSpolyacrylamide gel electrophoresis, and transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories Inc., Hercules, CA, USA). After blocking, the membranes were incubated with the primary antibodies mouse anti-β-catenin (Santa Cruz Biotechnology Inc., Dallas, TX, USA) and rabbit anti-β-actin (Proteintech Group Inc., Chicago, IL, USA) at 4°C overnight. Protein expression was determined using horseradish peroxidase-conjugated anti-mouse or anti-rabbit secondary antibodies, followed by detection using enhanced chemiluminescence (EMD Millipore). Band intensity was visualized using a JS-1035 image analysis scanning system (Shanghai Peiqing Science & Technology, Co., Ltd., Shanghai, People's Republic of China).
luciferase reporter assay β-catenin is a dominant factor in the Wnt/β-catenin/TCF signaling pathway, which regulates gene transcription by binding β-catenin and TCF. The activity of this final step in the pathway can be precisely measured using a luciferase reporter construct. The reporter plasmid pTOPFLASH (TCF reporter plasmid; EMD Millipore) contains two sets (the second set is in the reverse orientation) of three copies of the TCF binding site (wild-type) upstream of the thymidine kinase minimal promoter and luciferase open reading frame. The internal control plasmid pRL-SV40 (Promega Corporation, Fitchburg, WI, USA) contains the Renilla luciferase gene. Cells were transiently cotransfected with pTOPFLASH plasmid (500 ng/well) and pRL-SV40 plasmid (100 ng/well) for 6 hours using Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer's protocol. Then, the medium was renewed and FH535 was added. After 24 hours of treatment, cell lysates were subjected to the dual luciferase reporter assay according to the manufacturer's recommendations; luciferase activity was measured using a luminometer (Turner Designs, Sunnyvale, CA, USA). The results are expressed as relative luciferase activity, ie, the ratio of firefly luciferase activity over Renilla luciferase activity.
Wound healing assay
Cells (1×10 4 /well) were seeded in 96-well plates and grown to confluence. The monolayer culture was artificially scrape wounded with a sterile micropipette tip to create a denuded zone of constant width. Each well was washed with phosphate-buffered saline twice to remove the detached cells before FH535 treatment. Cell migration to the wounded region was observed using an XDS-1B inverted microscope (MIC Optical and Electrical Instrument, Chongqing, People's Republic of China) and photographed (×40 magnification). Images were captured at 0, 8, and 12 hours to monitor the wound healing process. The wound areas were measured using ImageJ (NIH, Bethesda, MA, USA).
Transwell invasion assay
We used a 24-well Transwell plate with an 8 μm pore size polycarbonate filter membrane (Corning Incorporated, Corning, NY, USA). Cells (1×10 5 ) in 100 μL serum-free DMEM were added to the Matrigel-coated top chamber (BD Biosciences, San Jose, CA, USA); the bottom chamber contained DMEM with 10% FCS. The cells were incubated for 24 hours; cells that had invaded through the Matrigel-coated membrane were fixed and stained with crystal violet and counted under a light microscope in five random fields in a blinded fashion.
adhesion assay
Cells were resuspended in complete medium and seeded in 24-well plates at 1×10 4 cells/mL. After 5-hour incubation, the unattached cells were removed to another well. The attached and unattached cells were evaluated using the 3-[4,5-dimethylthiazol-2-yl] 2,5-diphenyltetrazolium bromide (MTT) assay. The adhesion rate was calculated as follows: (absorbance of attached cells/[absorbance of attached cells + absorbance of unattached cells]) ×100%.
MTT assay
Cell growth was evaluated using the MTT assay. Cells (5×10 4 / well) were seeded in 24-well tissue culture plates. Blank control was treated with DMSO. After FH535 treatment, MTT (SigmaAldrich Co., St Louis, MO, USA) was added to each well (final concentration, 0.5 mg/mL), followed by 4-hour incubation at 37°C. The medium was removed, and 800 μL of dimethyl sulfoxide was added to each well. The absorbance of the mixture was measured at 490 nm using a microplate enzyme-linked immunosorbent assay reader (Bio-Rad Laboratories Inc.). The relative cell viability was calculated as follows: relative cell viability = (mean experimental absorbance/mean control absorbance) ×100%.
Plate clone formation assay
Cells (200/well) were seeded in 24-well plates and treated after 12 hours. After 15 days, the cells were stained with 1% methylrosanilinium chloride, and the number of visible colonies was counted. The relative clone formation ability was calculated as follows: (mean experimental clone number/ mean control clone number) ×100%.
cell cycle analysis
Before treatment, the cells were serum starved for 24 hours to synchronize the cell cycle. Then, FCS was added to the cells, followed by various concentrations of FH535. Following 24 hours of FH535 treatment, the cells were fixed in 80% cooled ethanol and incubated with 0.5% Triton X-100 solution containing 1 mg/mL RNase A at 37°C for 30 minutes. Next, propidium iodide (Sigma-Aldrich Co.) was added to the wells (final concentration, 50 μg/mL), followed by 30-minute incubation in the dark. Cellular DNA content was analyzed using a fluorescence-activated cell sorter (Becton Dickinson, Franklin Lakes, NJ, USA). Data were processed using ModFit LT software (Verity Software House, Topsham, ME, USA).
Microarray assay
Sample preparation and processing were performed as described in the GeneChip Expression Analysis Manual (Agilent Technologies, Santa Clara, CA, USA). Differentially expressed genes were screened using Agilent 44K human whole-genome oligonucleotide microarrays. The selection criterion was greater than twofold difference in expression (difference in upregulated expression was greater than twofold; difference in downregulated expression was less than 0.5-fold). Hierarchical clustering of samples was performed using an average linkage algorithm using TIGR MultiExperiment Viewer (The Institute for Genomic Research, Rockville, MD, USA).
statistical analysis
Each experiment was performed in at least triplicate. Results are expressed as the mean ± standard deviation. Statistical analysis was performed using an unpaired Student's t-test. P0.05 was considered significant.
Results
Fh535 inhibited the β-catenin pathway in pancreatic cancer cells
Treatment with 20 μM FH535 12 did not affect nuclear or total β-catenin expression in the BxPC-3 cells, but downregulated nuclear and total β-catenin in the PANC-1 cells ( Figure 1A ). The luciferase reporter assay confirmed that FH535 suppressed TCF-dependent transcription, which may have led to dysregulation of the genes downstream of the β-catenin pathway ( Figure 1B) . To verify this, we performed microarray analyses to determine the mRNA expression changes in 138 genes downstream of the β-catenin pathway using Agilent 44K human whole-genome oligonucleotide microarrays (http://www.stanford.edu/group/nusselab/cgi-bin/wnt/ target_genes); 20 μM FH535 upregulated or downregulated multiple genes ( Figure 1C , Table 1 ).
Fh535 inhibited pancreatic cancer cell migration
In all, 20 μM FH535 inhibited pancreatic cancer cell migration in a time-dependent manner ( Figure 2A ). To investigate the mechanisms involved, we analyzed the microarray data to illustrate the expression of genes participating in focal adhesion ( Figure 2B , Table 2 ), 13, 14 adhesion junctions ( Figure 2C , Table 3 ), [15] [16] [17] tight junctions ( Figure 2D , Table 4 ), [18] [19] [20] [21] [22] [23] and cell motility ( Figure 2E , Table 5 ). 
Fh535 inhibited pancreatic cancer cell invasion
The Matrigel invasion assay revealed that FH535-treated cells had significantly decreased invasive capacity as compared with the control cells ( Figure 3A) , supporting the premise that FH535 inhibits pancreatic cancer cell invasion. Moreover, FH535 inhibited the adhesion ability of pancreatic cancer cells dose-dependently ( Figure 3C ). We also analyzed the microarray data to explore the changes in the expression of genes involved in the in vitro invasion process, including extracellular matrix degradation ( Figure 3B , Table 6 ), cell adhesion ( Figure 3D , Table 7) , 28, 29 and epithelial-mesenchymal transition (EMT) ( Figure 3E , Table 8 ). [30] [31] [32] [33] Fh535 inhibited pancreatic cancer cell growth
Using MTT assay, we evaluated the inhibitory effect of FH535 on pancreatic cancer cell line growth. The proliferation of PANC-1 and BxPC-3 cells cultured for up to 48 hours with FH535 was significantly inhibited time-dependently and dose-dependently as compared to the control cells ( Figure 4A ). The clone formation assays confirmed the dose-dependent inhibitory effect of FH535 on pancreatic cancer cell growth ( Figure 4B ). We performed cell cycle analysis to confirm the antimitogenic effect of FH535. FH535 induced G2/M accumulation and decreased the cell population in the G0/G1 and S phases dose-dependently ( Figure 4C ). The expression profile of the cell cycle-related genes obtained from microarray analyses was analyzed ( Figure 4D , Table 9 ).
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Discussion
It is widely acknowledged that the prognosis of pancreatic cancer is very poor. The canonical Wnt/β-catenin signaling pathway plays a key role in tumor development and dissemination. Classical Wnt signaling pathway causes accumulation of β-catenin in cytoplasm in complex with the transcription factor TCF/LEF that regulates target gene expression. 9, 35 Dysregulation of Wnt/β-catenin signaling and altered transcription of β-catenin/TCF-regulated genes are found in many cancers, 36 including pancreatic cancer. 37 In this regard, we focused on characterizing the mechanisms of the anti-tumor effect of FH535 on pancreatic cancer cells.
Western blotting revealed that FH535 did not affect β-catenin expression in BxPC-3 cells. Interestingly, FH535 
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downregulated the protein level of total β-catenin in the PANC-1 cells, which differed from the results of most previous studies. 10 This cell type-dependent downregulation of β-catenin could have been due to the stabilization of axin, which suppresses β-catenin. 11 Axin is characterized as a tumor-suppressor gene, and it plays a key role in inhibiting the canonical Wnt pathway by forming molecular complexes with other proteins such as GSK-3β and adenomatous polyposis coli (APC). 38 Whether or not β-catenin expression was inhibited, the luciferase reporter assay proved that transcriptional activity of β-catenin pathway was decreased, which was consistent with previous study findings. 10 Metastasis, the leading cause of cancer-related death, is a complex process comprising several steps, all of which we found were affected by FH535. First, FH535 inhibited pancreatic cancer cell migration. Microarray analyses revealed that FH535 altered the expression of several migrationrelated genes, which participate in focal adhesion, adhesion junctions, tight junctions, and/or motility regulation. Among these genes, the focal adhesion-related gene PTEN, considered "the most highly mutated tumor-suppressor gene in the post-p53 era", 39 plays a role in controlling cell migration. 40 The loss of PTEN protein expression or function has been reported in many human cancers, including ovarian, endometrial, and prostate carcinoma; breast cancer; and primary gastrointestinal stromal tumor. 41, 42 We also found that FH535 downregulated the adhesion junction-related gene TLN1, 
which encodes a cytoskeletal protein that is concentrated in areas of cell-substratum and cell-cell contact. The encoded protein plays a significant role in actin filament assembly and in the spread and migration of various cell types. 43, 44 TLN1 is codistributed with integrins in the cell surface membrane, aiding the attachment of adherent cells to extracellular matrices and lymphocytes to other cells. In our study, tight junction protein 1 (TJP1), which plays a critical role in cell-cell interaction, proliferation, and differentiation, was upregulated. TJP1 is an important marker of tight junction integrity, which is disrupted in many highly invasive cancers; upregulated TJP1 correlates with favorable survival submit your manuscript | www.dovepress.com in breast cancer and gastrointestinal stromal tumor. 45, 46 The motility-related gene VEGFA significantly increases the motility of pancreatic cancer cells. The vascular endothelial growth factor/vascular endothelial growth factor receptor (VEGF/VEGFR) inhibitors bevacizumab and sunitinib significantly decrease pancreatic cancer cell motility. 47 In our study, FH535 not only suppressed VEGFA expression 
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but also inhibited cell motility, suggesting the involvement of a similar mechanism.
To establish metastasis, tumor cells must traverse the basement membrane to reach the connective tissues. Accordingly, we investigated the anti-invasive effect of FH535. The Transwell assay proved that FH535 inhibited invasion. In vitro invasion can be divided into several steps, including matrix adhesion, matrix degradation, and EMT. We analyzed the expression of the genes involved in these steps using microarray and found that FH535 significantly downregulated the cell adhesion molecule ITGA5; ITGA5 knockdown results in decreased adhesion in pancreatic cancer cells. 48 The ability of matrix metalloproteinases (MMPs) to degrade extracellular matrix proteins has been well characterized; therefore, they have been studied extensively to elucidate their involvement in both tumor development and progression. Different MMPs play different roles in tumorigenesis. MMP15 appears to be upregulated during colorectal tumorigenesis, and past research has shown stromal localization of MMP15 in the early phases of neoplastic transformation in colorectal cancer. 49 In our study, FH535 downregulated MMP15. Epithelial cells are characterized by welldeveloped junctions and apical-basolateral polarization; on the contrary, mesenchymal cells lack polarization due to the loss of an organized junctional layer. Cell metastasis is correlated with EMT. In the present study, FH535 downregulated Snail, which is upregulated during EMT. 50 In human colorectal cancer cells, overexpression of Snail induces not only EMT but also a cancer stem cell-like phenotype, which enhances cell migration and invasion in vitro and increases metastasis formation in vivo. 51 Snail also plays an essential role in human pancreatic cancer progression and metastasis. 52, 53 In the clinical setting, overexpression of Snail was previously associated with poorer prognosis and a more invasive phenotype in many malignancies. [54] [55] [56] We also detected the downregulation of TGFB1, a classic EMT stimulator.
57 TGFB1 overexpression is associated with early recurrence following resection and decreased survival; 58 consistent with our study, the suppression of TGFB1 activity in immune-deficient orthotopic mouse models of pancreatic cancer attenuated tumor growth and metastasis. 59, 60 Besides metastasis, FH535 also induced G2/M arrest and inhibited pancreatic cancer cell proliferation. FH535 significantly upregulated the G2/M regulator gene BCCIP while downregulating the cell cycle regulatory genes CCNG1 and SERTAD1. Human BCCIP, a protein that interacts with BRCA2 and CDKN1A (Cip1, p21), has been implicated in many cellular processes, including cell cycle regulation, DNA recombination and damage repair, telomere maintenance, embryonic development, and genomic stability. BCCIP knockdown and concomitant p53 deletion causes rapid development of medulloblastomas, which have a wide spectrum of alterations involving the Sonic hedgehog pathway, consistent with the caretaker responsibility of BCCIP in genomic integrity. 64 BCCIP expression is downregulated in human ovarian cancer, renal cell carcinoma, and colorectal cancer tissues, suggesting that the gene plays a role in the pathogenesis of these cancers. 63 The positive expression rate and intensity of CCNG1 in gastric carcinoma is significantly correlated with tumor differentiation. Elevated amounts of CCNG1 are frequently detected in malignant tissue tumors, including astrocytoma; melanoma; carcinoma of the esophagus, lung, and breast; and cancer of the cervix, uterus, and ovary. 65 It plays a pivotal role in hepatocellular carcinoma metastasis and may be a novel prognostic biomarker and therapeutic target.
66 SERTAD1 is involved in positive regulation of the cell cycle and proliferation; 67, 68 accordingly, its expression is upregulated in several tumor types. 69, 70 Studies indicate that SERTAD1 promotes proliferation by binding to the transcription factor E2F1 and by enhancing its transcriptional activity. 71 Experimental overexpression of SERTAD1 provoked hyperproliferation, 72 genomic instability, 68 and inhibition of apoptosis. 73 We demonstrated that FH535 significantly inhibits pancreatic cancer cell metastasis by suppressing migration, invasion, and adhesion and induces the accumulation of cells in the G2/M phase to suppress proliferation. These results submit your manuscript | www.dovepress.com
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anti-cancer effect of Fh535 on pancreatic cancer suggest that FH535 is a potential candidate for pancreatic cancer treatment. Some of the identified genes that responded to FH535 are well-established direct targets of the Wnt/ β-catenin pathway. However, it has not been proven that the other identified genes are located downstream of the pathway. FH535 might affect the expression of these genes through the Wnt/β-catenin pathway indirectly or in a β-catenin independent manner. In fact, FH535 not only antagonizes β-catenin/TCF-mediated transcription but also inhibits recruitment of the coactivators glucocorticoid receptor-interacting protein 1 (GRIP1) and β-catenin to peroxisome proliferator-activated receptor (PPAR)δ and PPARγ, 10 suggesting that these mechanisms could also be involved in the anti-cancer effect of FH535. 
